Carbon monoxide (CO) is commonly known as a toxic gas, yet both cultivation studies and emerging genome sequences of bacteria and archaea establish that CO is a widely utilized microbial growth substrate. In this study, we determined the prevalence of anaerobic carbon monoxide dehydrogenases ([Ni,Fe]-CODHs) in currently available genomic sequence databases. Currently, 185 out of 2887, or 6% of sequenced bacterial and archaeal genomes possess at least one gene encoding [Ni,Fe]-CODH, the key enzyme for anaerobic CO utilization. Many genomes encode multiple copies of [Ni,Fe]-CODH genes whose functions and regulation are correlated with their associated gene clusters. The phylogenetic analysis of this extended protein family revealed six distinct clades; many clades consisted of [Ni,Fe]CODHs that were encoded by microbes from disparate phylogenetic lineages, based on 16S rRNA sequences, and widely ranging physiology.To more clearly define if the branching patterns observed in the [Ni,Fe]-CODH trees are due to functional conservation vs. evolutionary lineage, the genomic context of the [Ni,Fe]-CODH gene clusters was examined, and superimposed on the phylogenetic trees. On the whole, there was a correlation between genomic contexts and the tree topology, but several functionally similar [Ni,Fe]-CODHs were found in different clades. In addition, some distantly related organisms have similar [Ni,Fe]-CODH genes. Thermosinus carboxydivorans was used to observe horizontal gene transfer (HGT) of [Ni,Fe]-CODH gene clusters by applying Kullback-Leibler divergence analysis methods. Divergent tetranucleotide frequency and codon usage showed that the gene cluster of T. carboxydivorans that encodes a [Ni,Fe]-CODH and an energyconverting hydrogenase is dissimilar to its whole genome but is similar to the genome of the phylogenetically distant Firmicute, Carboxydothermus hydrogenoformans. These results imply that T carboxydivorans acquired this gene cluster via HGT from a relative of C. hydrogenoformans.
INTRODUCTION
Carbon monoxide (CO) is most commonly known as a potent human toxin. Alternatively, CO can provide an energy and carbon source in both anaerobic and aerobic microbes (Uffen, 1976; King and Weber, 2007; Sokolova et al., 2009; Techtmann et al., 2009) . This ability to utilize CO relies upon enzymes known as carbon monoxide dehydrogenases (CODHs, EC 1.2.99.2; Ferry, 1995; Seravalli et al., 1995 Seravalli et al., , 1997 Ragsdale, 2008) . CO oxidation is performed by aerobic and anaerobic species using CODHs in different classes (Ragsdale, 2004; King and Weber, 2007) . While the overall reaction catalyzed by both aerobic and anaerobic species is the same (CO + H 2 O → CO 2 + 2H + + 2e − ), major differences result from the different terminal electron acceptors of the pathway. For aerobic species this reaction is catalyzed by the aerobic CODH (CoxSML) complex (Hugendieck and Meyer, 1992; Schubel et al., 1995) . The Cox-type CODH contains a highly conserved Mo based active site (Meyer and Schlegel, 1983; Meyer and Rajagopalan, 1984; Meyer et al., 1993; Dobbek et al., 1999; Gnida et al., 2003) . In the case of the aerobic Cox-type CODH, the electrons generated from oxidation of CO are transferred to oxygen or, in some cases, nitrate as the final electron acceptor (King, 2003 (King, , 2006 King and Weber, 2007) . Anaerobic CODHs are distinct from Cox CODHs and have a Ni-Fe active site (Dobbek et al., 2001 (Dobbek et al., , 2004 Svetlitchnyi et al., 2001 Svetlitchnyi et al., , 2004 . The anaerobic CODH generates electrons from the oxidation of CO and transfers them to a variety of acceptors, allowing CO to be the source of reducing equivalents for various pathways including sulfate reduction, acetogenesis, methanogenesis, hydrogenogenesis, and metal reduction, and it can also reduce CO 2 to CO used further for acetate synthesis by the Wood-Ljungdahl pathway (Gonzalez and www.frontiersin.org Robb, 2000; Svetlitchnyi et al., 2001 Svetlitchnyi et al., , 2004 Ragsdale, 2004 Ragsdale, , 2008 Wu et al., 2005; Sokolova et al., 2009) .
The extreme thermophile Carboxydothermus hydrogenoformans is a prototype anaerobic carboxydotroph with five distinct anaerobic CODHs. C. hydrogenoformans can grow efficiently on CO as sole carbon and energy source, confirming that CO can fuel divergent pathways (Wu et al., 2005) . The presence of multiple anaerobic CODHs encoded by a single organism requires that these homologs arose either by duplication of an ancestral CODH gene in the same lineage or else have been acquired by horizontal gene transfer (HGT) between separate lineages.
In this study we identified [Ni,Fe] -CODH genes in the rapidly expanding database of microbial genomes in order to understand the mechanisms of evolution and dispersion of [Ni,Fe] CODHs. A comprehensive phylogenetic analysis was designed to observe if CODHs are found in distinct clades. Examination of the genomic context of each of the [Ni,Fe] -CODHs provided insights into the functions of [Ni,Fe] -CODH gene clusters. We then used these functional assignments to determine whether differences in inferred function of [Ni,Fe] -CODHs explain the pattern of phylogenetic divergence. In addition, in-depth statistical analysis was performed on two gene clusters that catalyze similar functions. By examining operons with the same function we control for differences that have arisen based on functional diversification. The two gene clusters examined were from the prototype thermophilic hydrogenogen -C. hydrogenoformans -and a thermophilic metal reducing hydrogenogen -Thermosinus carboxydivorans. These organisms were chosen based on the following criteria. (1) They are both thermophilic, thus controlling for selection due to adaptations to differing growth temperatures. (2) C. hydrogenoformans and T. carboxydivorans exhibit different types of cell wall structure and are members of widely divergent classes of the Phylum Firmicutes: the Clostridia and Negativicutes, respectively. (3) Despite their divergent lineages, their [Ni,Fe] -CODHs and the linked energy-converting hydrogenases (ECH) are very similar. The genomes of these bacteria were analyzed to determine whether the [Ni,Fe]-CODH-ECH gene cluster may have been subject to recent HGT.
MATERIALS AND METHODS

DATABASE SEARCHING FOR [Ni,Fe]-CODH SEQUENCES
The US Department of Energy's Integrated Microbial Genome (IMG) database was searched using BLASTp to query the protein database (Altschul et al., 1990) for sequences corresponding to [Ni,Fe] -CODHs. [Ni,Fe] -CODHs are subdivided into two types: the type called CooS, which is more frequent in bacteria, and the type called Cdh, occurring almost exclusively in archaea. The ligands of the Ni,Fe-containing active site (Dobbek's C cluster; Dobbek et al., 2001 ) are conserved, with few exceptions, in CooS-and Cdh-type CODHs (Lindahl, 2002) . However, Cdh-type CODHs harbor two additional [Fe 4 S 4 ] clusters (Gencic et al., 2010) , and, on the whole, there is rather low homology between CooS-and Cdh-type CODHs. Therefore, the IMG database was searched using a CooS-type sequence (CooS-I from C. hydrogenoformans) and a Cdh-type sequence (Cdh-1 from the archaeon Archeoglobus fulgidus). Overlapping results and low scoring hits (Quality scores less than 200) were removed from the final [Ni,Fe] -CODH database (Table S3 in Supplemental Material) . Many of the low scoring hits were often genes annotated as hydroxylamine reductases. This refined database was then used for further analysis.
PHYLOGENETIC TREE CONSTRUCTION
The [Ni,Fe] -CODH sequences were aligned using the MUSCLE alignment program (Edgar, 2004a,b) . This multiple sequence alignment was used to construct phylogenetic trees using Maximum Likelihood (ML) and Bayesian inference (BI). ML trees were constructed using the RAxML-HPC2 program (version 7.2.8; Stamatakis, 2006; Stamatakis et al., 2008) on the CIPRES servers (Miller et al., 2010) . ML trees were constructed using the WAG + Γ + I model which was selected as the best-fit model for our database by the model selection tool implemented in Topali2 (Milne et al., 2009) . Node support was assessed by 1,000 bootstrap replicates with the same model. BI trees were constructed using the BEAST program (Drummond and Rambaut, 2007) with the WAG + Γ + I model as was selected as the best-fit model by the Topali2 package. Searches were run with four chains of 7,500,000 generations, for which the first 750,000 were discarded as "burnin." Trees were sampled every 1,000 generations. Stabilization of chain parameters was determined using the program TRACER (Rambaut and Aj, 2007) . A maximum credibility clade tree was annotated using the TreeAnnotator program (part of the BEAST package). Trees were drawn using the FigTree program 1 . Subtrees were drawn of each of the clades and are shown in (Figure A2 in Appendix).
CONSTRUCTION OF FUNCTIONAL TREES
The analysis of the genomic contexts was done using the information available at Gene Detail pages of the IMG database and, where necessary, applying tblastn with appropriate queries at the IMG website 2 . This information was used to identify whether the [Ni,Fe] -CODH gene was located (1) within an ACS gene cluster, (2) adjacent to an ECH gene cluster, (3) located at a distance less than 3 kb away from a gene encoding CooF, a ferredoxin-like FeS protein (Kerby et al., 1992) which carries out electron transfer from CooS to a variety of electron acceptors, or (4) not clustered with a cooF gene.
GENOMIC SEQUENCING OF THERMOSINUS CARBOXYDIVORANS
Thermosinus carboxydivorans was grown as previously described (Sokolova et al., 2004) . DNA was extracted using previously described protocols (Wu et al., 2005) . The genome of T. carboxydivorans Nor1 was sequenced at the Joint Genome Institute (JGI) using a combination of 3, 8, and 40 kb (fosmid) DNA libraries. In addition to Sanger sequencing, 454 pyrosequencing was done to a depth of 20× coverage. All general aspects of library construction and sequencing performed at the JGI can be found at http://www.jgi.doe.gov/.
Draft assemblies were based on 28,812 total reads. All three libraries provided 9.3× coverage of the genome. The Phred/Phrap/Consed software package 3 was used for sequence assembly and quality assessment (Ewing and Green, 1998; Ewing et al., 1998; Gordon et al., 1998) . After the shotgun stage, reads were assembled with parallel Phrap (High Performance Software, LLC). Possible mis-assemblies were corrected with Dupfinisher (Han and Chain, 2006) or transposon bombing of bridging clones (Epicentre Biotechnologies, Madison, WI, USA). Gaps between contigs were closed by editing in Consed, custom primer walk or PCR amplification (Roche Applied Science, Indianapolis, IN, USA).
A total of 5919 additional reactions were necessary to close gaps and to elevate the quality of the finished sequence. The completed genome sequences of T. carboxydivorans Nor1 contains 36,788 reads, achieving an average of 10-fold sequence coverage per base with an error rate less than 1 in 100,000. The draft genome sequence was deposited into GenBank (Accession Numbers AAWL01000001-AAWL01000049).
HORIZONTAL GENE TRANSFER ANALYSES OF THE [Ni,Fe]-CODH-ECH GENE CLUSTER
The nucleotide sequences for the [Ni,Fe]-CODH-ECH gene cluster were extracted (including genes of all hydrogenase subunits) from the C. hydrogenoformans and the T. carboxydivorans genomes. These sequences and the whole genome sequences for both organisms were used for further analysis. Additionally, the Escherichia coli K12 genome (GenBank Accession Number U00096.2) was used as a control.
G + C content was determined using GC-Profile program (Gao and Zhang, 2006) . Tetranucleotide frequency was determined using the TETRA program (Teeling et al., 2004) . Codon usage was determined from tables in the codon usage database 4 . Overall codon usage for the 10 genes of the [Ni,Fe]-CODH-ECH gene cluster was determined by averaging the codon frequency of each gene in the gene cluster.
The Kullback-Leibler (K-L) divergence metric (Kullback and Leibler, 1951) was used to determine whether the differences in G + C content, tetranucleotide frequency, and codon usage were significant or not. These three metrics and the K-L divergence were chosen based on a recent paper that suggests that codon usage and tetranucleotide frequency combined with K-L divergence are the most accurate metrics for determining HGT (Becq et al., 2010) . K-L divergence was determined using the following formula:
where g is the a parameter (e.g., frequency of a particular tetranucleotide or frequency of usage of a particular codon) for the gene or operon and G is that same parameter for the whole genome. This calculation is repeated for all of the tetranucleotide frequencies and the resulting values are added together to determine the K-L divergence for tetranucleotide frequency. The same basic calculation is done for the frequency of usage for each codon to determine the K-L divergence for codon usage between a gene or operon and a genome. 
PHYLOGENETIC ANALYSIS OF [Ni,Fe]-CODH SEQUENCES REVEALS SEVERAL DISTINCT CLADES
A dataset of all of the [Ni,Fe]-CODHs from the IMG database was used to reconstruct the phylogeny of [Ni,Fe]-CODHs. Both ML and BI phylogenetic analyses were used. The phylogenetic trees ( Figures 1A,B) constructed from both methods were congruent, therefore only the ML trees are shown in subsequent figures. These trees both detail six distinct, strongly supported clades (greater than 50% boostraps for ML trees, with most nodes supported at >86%, and Bayesian posterior support of greater than or equal to 0.99). While the branching pattern within clades differs slightly between ML and BI, the composition of all six clades in both ML and BI trees are identical (Table S3 in Supplemental Material). The distribution of sequences within these clades greatly expands our knowledge of the organisms that encode [Ni,Fe] -CODHs as well as the potential mechanisms for their evolution.
FUNCTIONAL ANALYSIS OF [Ni,Fe]-CODH CLADES
Analysis of the genomic context was performed so that the [Ni,Fe]-CODH sequences were binned according to four categories: (1) within an acetyl-CoA synthase gene cluster, (2) adjacent to an ECH gene cluster, (3) adjacent to a cooF electron transfer protein, and (4) not adjacent to a cooF gene. These categories were plotted on the ML phylogenetic tree displayed in a circular format which was color coded according to the genomic context of the CODHs (Figure 2 ).
SUMMARY OF [Ni,Fe]-CODH CLADES
Clade A is composed of sequences corresponding to the Cdh-type CODHs, which occur almost exclusively in the Archaea and for the most part cluster in the genomes as part of the five-subunit acetylCoA decarbonylase/synthase (ACDS) complex (Terlesky et al., www.frontiersin.org Table S3 in Supplemental Material).
1986; Grahame, 1991; Kocsis et al., 1999; Gencic et al., 2010) . Only one bacterium, the deep subsurface pioneer species Candidatus Desulforudis audaxviator, has a typical archaeal Cdh-type ACDS complex (Chivian et al., 2008 Clade F also contains many characterized [Ni,Fe] -CODHs with representatives from each of the four functional classes used in this study. Many of these have been characterized structurally and biochemically (Svetlitchnyi et al., 2001 (Svetlitchnyi et al., , 2004 Soboh et al., 2002; Volbeda and Fontecilla-Camps, 2005 apparent that its small size can be accounted for by many deletions of varying size relative to standard size CooS genes (Figure 4) , however the mini-CooS seems to retain all of the important domains of typical CODHs, suggesting that it may be functional (Figure 4) . Dobbek et al. (2004) solved the prototype crystal structure for the CooS-II from C. hydrogenoformans which revealed three metal binding clusters (Clusters B, C, and D), each with separate metal coordinating domains with conserved Cys and His residues essential for CODH activity. Interestingly, the 11 Cys residues and the His residue coordinating these clusters are all conserved in the minimal CooS from T. carboxydivorans. Hydroxylamine reductases share some sequence similarity with CooS, but they all lack some of the conserved Cys residues that locate the metal clusters in CooS. The proximity in the genome of the minimal cooS gene to a cooF gene provides further evidence for its involvement in CO-metabolism.
EVIDENCE FOR HGT OF THE [NI,FE]-CODH-ECH GENE CLUSTER OF THERMOSINUS CARBOXYDIVORANS
The genome sequence of T. carboxydivorans provides insights into the ability of microbes to utilize CO as a versatile electron donor as well as potential mechanisms for acquisition of [Ni,Fe] -CODH operons and the evolution of multi-[Ni,Fe]-CODH genotypes. As mentioned previously, the draft T. carboxydivorans genome sequence revealed three CODH gene clusters. The [Ni,Fe]-CODH-ECH gene cluster is highly similar in sequence and gene content to the homologs found in C. hydrogenoformans and R. rubrum as shown in Figure 5 . In R. rubrum, this gene cluster has been shown to comprise two operons: a CODH operon, which contains a cooS gene and the gene for a nickel-iron, electron transfer protein (cooF ), and the adjacent membrane-bound hydrogenase operon. The [Ni,Fe]-CODH-ECH gene clusters are composed of similar sets of genes in R. rubrum, C. hydrogenoformans, and T. carboxydivorans. In C. hydrogenoformans, the [Ni,Fe]-CODH-ECH gene cluster probably comprises two operons (there is an intergenic space approximately 100 nt long between the hypA gene and the cooF gene). In T. carboxydivorans, there is no intergenic space or putative promoter sequences between the ECH and CODH sections of the gene cluster, suggesting that it forms a single operon.
Nevertheless, the CODH and the clustered genes encoding the seven subunits of the membrane-bound hydrogenase from T. carboxydivorans are highly similar to the corresponding genes from C. hydrogenoformans, in both gene order and in nucleotide sequence. The 11.3 kb operon that comprises the [Ni,Fe]-CODH-ECH gene cluster in T. carboxydivorans is 84% identical on the nucleotide level to the homologous gene cluster in C. hydrogenoformans, an observation that prompted us to examine these gene clusters for quantifiable evidence of HGT.
Several in silico methods have been proposed as indicators of HGT. G + C content has been a well-established and simple method for predicting HGT (Lawrence and Ochman, 1998). The G + C content of the T. carboxydivorans genome is 51.6% whereas the G + C content of its 11.3-kb [Ni,Fe]-CODH-ECH operon is 43.4%, which is similar to the overall G + C content of C. hydrogenoformans genome (42.0%). The G + C% of the [Ni,Fe]-CODH-ECH gene cluster from C. hydrogenoformans (44%) is very www.frontiersin.org similar to the overall G + C% of the C. hydrogenoformans genome (Wu et al., 2005) .
Because G + C content alone is considered to be an inadequate criterion to detect HGT (Garcia-Vallve et al., 2000) we sought other criteria to distinguish the [Ni,Fe]-CODH-ECH gene cluster in T. carboxydivorans from the genome at large. In a recent paper, additional methods for determining HGT were evaluated (Becq et al., 2010) . Tetranucleotide frequency and codon usage similarity quantified with K-L divergence were proposed as the most accurate metrics for predicting HGT. We compared the [Ni,Fe]-CODH-ECH gene clusters of T. carboxydivorans and C. hydrogenoformans with the full genome sequences of T. carboxydivorans, C. hydrogenoformans, with K-L analysis using the genome of E. coli K12 as a control to determine if these two CODH-I gene clusters are divergent from the genomes at large ( Table 1) .
The T. carboxydivorans [Ni,Fe]-CODH-ECH gene cluster was compared to the T. carboxydivorans genome using tetranucleotide frequency, resulting in a K-L divergence of 0.217. When codon usage was used as the metric, the K-L divergence was 0.133. The threshold values of 0.05 and 0.1 for K-L divergence of codon usage and tetranucleotide frequency respectively were used to determine similarity. By both metrics the T. carboxydivorans [Ni,Fe] -CODH-ECH gene cluster is significantly different from the T. carboxydivorans genome. As a control, the tetranucleotide frequency and codon usage of the genes encoding the T. carboxydivorans The bacterial side of the tree is not as straightforward. There are many cases in which genomic context does appear to be correlated with appearance in a common clade. Also, there are a few examples where similar functions are found in two different clades. The well-characterized physiology of hydrogenogenic carboxydotrophy is encoded by a [Ni,Fe]-CODH linked to an ECH. In this phylogenetic tree there are two places in which this gene cluster is found (Clade E and Clade F). While it may be difficult to explain this phenomenon in terms of vertical descent, it is clear that unlike the CODHs in Clade A the [Ni,Fe]-CODH-ECH gene cluster is not the result of simple vertical descent from an ancestral [Ni,Fe]-CODH-ECH.
Another example of correlation of the genomic context with the tree topology is provided by the absence of CooS/ACS gene www.frontiersin.org clusters beyond clades E and F. This could indicate that CooS/ACS sequences have evolved by vertical inheritance and the presence of phylogenetically diverse hosts within these clades is not due to HGT but is a result of conservation of function. However, like the CODH-ECH gene cluster, the CODH/ACS gene cluster is present in three clades. Again this points to a more complex evolutionary history, which may indicate that this gene cluster has arisen more than once during the course of evolution or potentially a more complex mechanism involving HGT and genome rearrangements.
By overlaying known functional categories onto the phylogenetic tree we were able to clarify some of the phylogenetic history of [Ni,Fe] Based on the high similarity between the hydrogenase -CODH gene clusters of T. carboxydivorans and C. hydrogenoformans and on the fitness of the T. carboxydivorans [Ni,Fe]-CODH-ECH to the C. hydrogenoformans genome in terms of tetranucleotide frequency and codon usage patterns, it is tempting to propose that T. carboxydivorans obtained this operon by HGT from C. hydrogenoformans or a closely related species. However, closer examination of the data indicate that there may have been a recent transfer from a relative of C. hydrogenoformans or else a more ancient transfer from an ancestor of C. hydrogenoformans into the T. carboxydivorans lineage. First, the nucleotide identity of the gene clusters, although high (84%), is lower than the ANI value of 95-96% shown to delimit microbial species (Goris et al., 2007; Richter and Rossello-Mora, 2009; Tindall et al., 2010) . Second, whereas in C. hydrogenoformans the cluster seems to comprise two operons, T. carboxydivorans appears likely to encode a single operon (Figure 5) . Third, the order of genes in the gene clusters from T. carboxydivorans and C. hydrogenoformans has been switched by the relocation of cooC (Figure 5) . The rearrangements suggest further evolution in T. carboxydivorans or C. hydrogenoformans following a horizontal transfer. The location of the regulator gene cooA apart from the [Ni,Fe]-CODH-ECH gene cluster in T. carboxydivorans also suggests that there is ongoing genome reordering of the CO-related genes in this isolate, or may be interpreted as the acquisition of cooA that occurred independently from the acquisition of the [Ni,Fe]-CODH-ECH gene cluster. One of the two cooA genes (cooA-1) in C. hydrogenoformans is directly upstream of its [Ni,Fe]-CODH-ECH gene cluster. The lone cooA homolog in the genome of T. carboxydivorans is a homolog of C hydrogenoformans cooA-1 and is separated by 252 kb from the hydrogenase -CODH gene cluster. Interestingly, the T. carboxydivorans cooA is flanked by transposes and phage-related genes, which are known to be mediators of genomic rearrangement and HGT (Ochman et al., 2000) .
The T. carboxydivorans genome also contains the smallest gene predicted to contain all of the conserved CooS features. This putative CODH is 428 amino acid residues long compared with typical [Ni,Fe] -CODHs that range from approximately 600 to 800 residues long. This "mini-CooS" has been placed in a separate multiple alignment that gave rise to the ML analysis shown in Figure 3 . Taking into account (i) the acquisition of the hydrogenase -[Ni,Fe]-CODH gene cluster via HGT, which we substantiate in this paper, (ii) the separate location of the cooA gene, and (iii) the fact that the G + C content of the gene encoding the unusual small cooS is about 10 mol% higher than that of the genome. Therefore, we speculate that the assemblage of the carboxydotrophic hydrogenogenic phenotype in T. carboxydivorans is an evolutionarily recent event, suggesting that rapid genome evolution is under way to accommodate selection for CO utilization.
Due to the large number of species that have been shown to encode multiple CODHs, it seems probable that multiple [Ni,Fe]-CODH operons increase the fitness of an organism in CO-rich milieus by providing divergent metabolic pathways through which CO can be metabolized. The consumption of CO by independent pathways providing energy conservation, carbon fixation, and nicotinamide coenzyme reduction are now well-established. On a broader scale, in microbial consortia, CO utilization has the additional communal benefit of dissipating a potentially toxic compound (Parshina et al., 2005; Techtmann et al., 2009) . Our recent work revealed that adaptive regulation of expression of multiple [Ni,Fe] -CODH operons by dual cooA genes may partition CO between multiple competing pathways in response to varying needs for energy conservation and carbon acquisition across a wide range of CO concentrations (Techtmann et al., 2011) .
In conclusion, we have developed a comprehensive phylogeny for [Ni,Fe] 
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